Visual responses of neurons are dependent on the context of a stimulus, not only in spatial terms but also temporally, although evidence for temporally separate visual infuences is meagre, based mainly on studies in the higher cortex. Here we demonstrate temporally induced elevation of visual responsiveness in cells in the lateral geniculate nucleus (LGN) of cat and monkey following a period of high intensity (elevated contrast) stimulation. This augmentation is seen in 40-70% (monkey-cat) of cells tested and of all subtypes. Peaking at ~3minfollowing the period of intense stimulation, it can last for10±12minand can be repeated and summed in time. Furthermore, it is dependent on corticofugal input, is seen even when high contrast stimuli of orthogonal orientation are used and therefore results from a/any prior increase in activity in the retino-geniculo-striate pathway. We suggest that this reflects a general mechanism for control of visual responsiveness; both a flexible and dynamic means of changing effectiveness of thalamic activity as visual input changes, but also a mechanism which is an emergent property of the thalamo-corticothalamic loop.
Introduction
In the past few years there have been many findings implicating the dorsal lateral geniculate nucleus (LGN) in the processing of visual information en route to the visual cortex, rather than the more traditional view of this nucleus -devoted to the faithful transmission of such information, without alteration. This visual processing has involved alteration, e.g. the strength of receptive field surround (Sillito & Kemp, 1983) , the degree of orientation bias (Vidyasagar, 1984) or the addition of influences from the non-dominant eye (Pape & Eysel, 1986; Murphy & Sillito, 1987) .We can regard all such receptive field modifications as purely spatial, i.e. dealing with the spatial influences on on-going visual responses, either within or outside the classical receptive field (Maffei & Fiorentini, 1976; Nelson & Frost, 1978; Gilbert & Wiesel, 1991; DeAngelis et al, 1992; Sillito et al., 1995; Levitt & Lund, 1997 ). Yet in a visual system designed to work continuously and seamlessly during prolonged observation of the visual world, temporal changes in visual responses should also be considered (Logothetis et al., 1996) . The temporal scale is a variable much less studied in visual neurophysiology (not so in psychophysics).Here, by temporal scale we mean not only the evolution in time of visual responses but, as importantly, the effect of the visual image preceding the scene currently under analysis. Traditional neurophysiological studies almost exclusively use repetitive, identical visual stimuli in order to average out variability due to `noise', thereby ignoring or removing any such effects. One of the simplest temporal changes which could be evoked would be a modulation of gain. It is well known that neuronal responses to a given stimulus may be altered by the prior exposure of the cell under test to repetitive stimulation, e.g. using trains of electrical pulses to give rise to the well-known phenomena of short-and long-term potentiation (STP and LTP) .This has been particularly well studied in the hippocampus, but is also documented in the visual cortex (V1) of both developing and adult animals (Bliss & Gardner-Medwin, 1973; Bliss & Lomo, 1973; Artola & Singer, 1987; Bliss & Collingridge, 1993; Kirkwood & Bear, 1994; Fox, 1995) .In an analogous fashion, we have recently shown that an iontophoretic application of excitatory amino acids to LGN cells could induce enhanced excitability which extended in time beyond the period of application, while a similar period of chemically induced excitation by application of acetylcholine was without effect (Rivadulla et al., 1998) .The LGN receives synaptic input from many sources, but the major pathways utilizing excitatory amino acid receptors are from the retina and visual cortex. Here we have sought to identify the source of this change in excitability, and further characterize its properties, using traditional visual stimulus paradigms but in such a way as to look to changes in time of the responses to such stimuli.
Materials and methods
Experiments were carried out on adult cats. Animals were anaesthetized with halothane (0.1-5%) in nitrous oxide (70%) and oxygen (30%), and paralysed with gallamine triethiodide (10 mg/kg/h).EEG, ECG, expired CO2 and temperature were monitored and maintained continuously, adjusting anaesthetic levels to maintain a state of light anaesthesia (Cudeiro et al., 1997) . Single units were recorded extracellularly from the LGN using multibarrelled glass micropipettes or tungsten in glass microelectrodes, and recordings in the visual cortex were made with tungsten in glass electrodes. Single unit data were collected and visual stimuli produced under computer control. We investigated using two basic paradigms: firstly, we established control responses to a drifting grating of medium contrast (0.2-0.6, mean luminance of 13 cd/m 2 ); secondly, we electrically stimulated the optic chiasm at 20 Hz (bipolar electrodes across the optic chiasm, monophasic pulses 0.05 ms duration, up to 1 mA) with or without visual stimulation using a stimulus of similar properties to the test stimulus; finally retest the grating response at 1, 3, 6 and 12 min following cessation. Both control and test stimuli were presented for a period of ~ 1 min [18 x 4s stimulus periods (electrical and/or visual, total 72s) separated by 1 s intervals] and responses averaged into peri-stimulus time histograms (PSTHs).Secondly, we also established control responses to a drifting grating, but then visually stimulated with a high-contrast non-saturating stimulus (spatial and temporal frequency and direction as for the test stimulus, contrast 0.8-0.9, orientation the same as or orthogonal to the test, see Results), retesting also at 1, 3, 6 and 12 min. Again, each stimulus was presented as outlined above. Average spike counts for the response to 1 cycle of the grating were calculated and results were compared statistically using the Wilcoxon matched pairs test. Differences between control and test giving rise to P< 0.05 were considered significant. Maximum and minimum firing rates during visual stimulation were also compared, as were periods of spontaneous activity in the absence of stimulation. Visual stimuli were presented monocularly to the dominant eye via a computer monitor (SONY Multiscan GDM-17", 80 Hz refresh rate), under computer control. In three cats, areas 17 and 18 of the visual cortex on one side were removed by aspiration; histological analysis confirmed that the lesions extended well beyond those regions of areas 17 and 18 that would have been activated by our stimuli. All recordings are from cells with receptive field eccentricities within 12° of the area centralis. A further recording experiment was carried out on one adult monkey (Macaca mulatta), in which the methods were similar, except that in this case isoflurane was the anaesthetic agent of choice. All experiments complied with the guidelines of the Spanish Physiology Society, the International Council for Laboratory Animal Science and the European Union (86/809).
Results

Electrical stimulation of the retino-geniculate pathway produces response augmentation in a small proportion of LGN cells
We tested the effect of electrical stimulation (see Materials and methods) of the optic chiasm, during the absence of visual stimulation, on 13 LGN cells. In a small proportion, some two out of 13 (15%), we observed a transient increase in visual responsiveness following the period of stimulation. One of these is illustrated in Fig.1 . Here we show: (i) the individual sweeps of the grating (10 trials each comprising 8 grating cycles) in the control situation and at 3 min following the stimulation; (ii) the combined PSTHs and (iii) examples of the actual spike waveforms taken from the spontaneous discharge. The visual responses were clearly elevated following the period of stimulation. Note that spontaneous discharge was also elevated (this issue is addressed further below).A second example is shown in Fig.2 . In this case we show the temporal characteristics of the augmentation effect. These PSTHs show the 8 cycles in each sweep combined and the 10 sweeps averaged. There was increased visual response 1, 3 and 6 min following the electrical stimulation, returning to prestimulation control levels by 12 min. Interestingly, the effect seen was both qualitatively and quantitatively similar to our findings with iontophoretic application of excitatory amino acids to cells of the LGN (Rivadulla et al., 1998) . 
Electrical stimulation paired with visual stimulation is much more effective than electrical stimulation alone
We reasoned that a time-locked electrical stimulation (20 Hz) was non-physiological (essentially firing all retinal efferents simultaneously), and decided to test the combination of electrical with visual stimulation, thereby combining "natural" stimulation with a general heightened excitation. Controls providing ~ 1 min of visual stimulation using the drifting grating appropriate for the cell under test showed no response augmentation on any cell tested. We next tested the combination of visual and electrical stimulation. We were interested to find that the proportion of cells showing potentiation was markedly increased (11 out of 17 cells, 65%).An example is shown in Fig.3 . Here again the responses to a standard visual stimulus (see controls) were elevated immediately following the combined visual and electrical stimulation, remaining elevated for several minutes, before returning to control levels at ~ 12-18 min following stimulation. In these 11 cells, responses compared with controls were increased on average by 31 ± 6 at 1 min, 45 ± 6 at 3 min, 32 ± 6 at 6 min and 20 ± 6 at 12 min.
The effectiveness of paired stimulation is further illustrated in Fig.4 . In this cell we studied visual and electrical stimulation alone, and a combination of the two using three stimulus durations, 16, 32 and 72 s, compared with the full length of visual or electrical stimulation alone. In each case the effect on the cell was re-tested by using the control visual stimulus 3 min after the "potentiating" stimulation ceased, and the magnitudes of these responses are illustrated. Here, then, there was a clear effect of the paired stimulation with no obvious change in response following either visual or electrical stimulation alone, which showed not only a potentiated response following the paired stimulation, but also revealed a timedependent modulation. 
Augmentation is obtained by contrast manipulation alone
If heightened excitation plus visual stimulation was more effective than either alone, another route by which to achieve the same end might be to alter the visual stimulus, e.g. by increasing contrast. We tested relatively prolonged, continuous visual stimulation with a high-contrast version of the test stimulus. All other attributes of the stimulus were kept the same as the test case. As illustrated by the single unit responses in Fig.5 , this paradigm was also capable of inducing a response augmentation following the stimulation period, which similarly peaked at ~ 3 and 6 min, and lasted between 6 and 12 min. The response of the cell during the visual stimulation period is also shown (enlarged PSTH) -the response magnitude is significantly increased during the presentation (note scale bars) but is clearly non-saturating. Notably, however, this type of augmenting effect was seen in 24 out of 35 (68%) of cells tested. A second example is shown in expanded form in Fig.6 . Here again there is evidence of elevated spontaneous discharge as well as augmented visual responses. In these 24 cells, responses compared with controls were increased on average by 38 ± 6 at 1 min, 60 ± 6 at 3 min, 51 ± 6 at 6 min and 11 ± 6 at 12 min. Response augmentation was also seen when stimulation was reduced to 32 s duration, was much less with 16 s and was not observable with only 10 s of stimulation (data not shown).In most cases the gratings, test and stimulating, subtended 32 x 24° of the visual angle, greatly exceeding the dimensions of the receptive field of the cell under test. However, smaller grating patches of 10 x 10° were also effective. Importantly, in two out of three cells tested, augmentation was seen when the patch size was restricted to the area defined as the classical receptive field. Cells showing augmentation were found in the same animal and same penetrations with cells which did not show augmentation. There was no obvious correlate in terms of cell type (ON/OFF and X/Y), depth within the LGN, etc.by which we could separate the two groups. In the examples shown in Figs 1 and 6 , there was an obvious increase in spontaneous activity following high-intensity stimulation in each case. This is more graphically illustrated in Fig.7 .The cell originally shown in Fig.6 (now Fig.7a ) has a relatively low spontaneous activity and evoked response; here the elevated response to the grating stimulus may simply be the result of a general increase in firing as seen in the basal discharge. However, in Fig.7b , the cell (from Fig.1) shows a much higher degree of augmentation for the visually driven responses than the activity in the absence of visual stimulation. While there would also appear to be a direct relationship between absolute firing rate and the degree or potency of the augmentation effect, this did not hold for the population as a whole. On average, background activity for the cells showing augmentation following high-contrast stimulation was elevated by 33%, compared with the evoked discharge augmentation of 60%. 
Augmentation may be corticofugally mediated
Because previous pharmacological data from our own laboratory (Rivadulla et al., 1998) have also suggested that this type of augmentation is not directly related to modulatory inputs to the LGN, e.g. the cholinergic input from the brainstem, we explored the possibility of a cortically mediated influence. Recordings were obtained from LGN cells after the corticofugal input was surgically removed in two different conditions: from the outset of the experiment; or in the middle of an electrode penetration after several neurons were recorded under normal conditions. In both cases, the results taken after decortication were not significantly different and have been pooled. Removal of the visual cortex resulted in a major, near complete, loss of the observed, high-contrast induced potentiation. These observations are illustrated in Fig.8a .This compares the responses of two on-centre X cells recorded in the same experiment, one before, and one after the cortex was removed. The cell receiving intact corticofugal feedback shows a clear augmented response 3 min after high-contrast stimulation, in comparison with prior control levels, while responses of the cell recorded after decortication were completely unchanged. Figure 8b summarized these data from the population of cells studied either with or without cortical input. There is an obvious and highly significant reduction in the percentage of cells showing augmentation in the absence of corticofugal input (63% versus 6%).In another experiment, when a similar stimulus protocol was applied to a population of nine histologically confirmed cortical layer 6 cells (source of cortico-fugal feedback to the dLGN) no augmentation was seen in any case, although the cells were clearly well driven during the high-contrast stimulation (middle PSTH), showing neither adaptation nor fatigue to this prolonged high-intensity stimulation. Responses only equal to control levels were seen at all times after high-intensity stimulation. These cortical responses are illustrated by the example shown in Fig.8c . In Fig.9 , we show data obtained from LGN cells in a typical decortication experiment. Here, nine cells were recorded before decortication, and 17 cells after. For a typical cell before decortication and a second cell after, responses prior to and 3 min after high-intensity stimulation are shown as histograms. There was clear and significant enhancement in both basal discharge and visually elicited responses prior to decortication, and no significant differences after. 
Augmentation is orientation independent
Seven cells were tested with a high-contrast full-field grating at 90° to the test stimulus. Of these cells, three showed augmentation which was not significantly different to the responses produced by a grating iso-orientated to the high-contrast stimulus. This is illustrated in Fig.10 . Although there appears to be a systematic decrease in the responses to the 90° grating, this was not statistically significant. 
Similar results were obtained in monkey
In one monkey, high-contrast visual stimulation resulted in response augmentation in 11 out of 30 cells (nine out of 25 parvo-cellular and two out of five magno-cellular).Although this is a smaller proportion than was seen in the cat, the sample size precludes further detailed interpretation. The basic phenomenon is illustrated in Fig.11 . Here we show a cell showing the type of potentiation we have previously illustrated in cat LGN. In this case a more detailed analysis also showed a response which is readily reproducible (Fig.11a) -a second high-contrast stimulus period was followed by a near identical pattern of response potentiation. Interestingly, in this, and one other cell in the monkey (and, importantly, two also in the cat), we re-stimulated during the period of potentiation and saw clear summation (Fig.11b) . In this particular case a third period of stimulation was also effective, but only for 1 min, after which responses could not be further augmented and slowly declined in magnitude to control levels over the subsequent 18 min. In these 11 cells from the macaque, responses compared with controls were increased on average by 45 ± 6 at 1 min, 53 ± 6 at 3 min, 26 ± 6 at 6 min and 20 ± 6 at 12 min. 
Discussion
From the data we have presented above, we have derived a very simple hypothesis; the "instantaneous" firing rate of many geniculate cells is related to the intensity of their firing up to several minutes prior to any point of measurement. Basically, a period of heightened, driven activity (in our case 1 min) results in higher background and, particularly, visually evoked firing, which extends in time by several minutes beyond the period of heightened activity. This activity seems to be a corticofugally mediated effect, but is not orientation specific. Although corticofugally mediated, the effect originates within the LGN, as it is not seen in cortical cells providing the input to LGN, but, we predict, should be seen in cortical cells receiving this augmented geniculate signal, presumably at least within layer IV (although this aspect remains to be tested).We propose that we are describing a mechanism for a general temporal gain control of geniculate responsivity driven by corticofugal activation, possibly via metabotropic receptors on LGN cells, acting as `modulators' of the transfer of information from retina to cortex (Sherman & Guillery, 1998) .In fact, however, there are two obvious competing theories to provide an explanation of the data we present here. Firstly, it can be suggested that the continued, repetitive stimulation of the visual field merely resulted in the temporary fatigue of inhibitory interneurons within the LGN driven by direct cortico-geniculate input.Corticofugal input is known to enhance intrageniculate inhibition as, e.g. seen when stimuli such as bars of different length are used (enhanced end-inhibition as a result of cortical input, Murphy & Sillito, 1987) . This inhibition is extended spatially in retinotopic terms and would be compatible with the 32 x 24° visual stimulus we used routinely, and with the optic chiasm electrical stimulation, which is likely to activate much of the axonal output of the retina. However, it is less compatible with the effectiveness of smaller 10 x 10° patches, or those covering only the receptive field of the cell under test, as in their study, Murphy & Sillito (1987) required lesion-extended regions of both cortical areas 17 and 18 to achieve disinhibition within the LGN.A second hypothesis suggests that this augmentation is the result of enhanced excitability of LGN cells, following activation of a direct excitatory cortico-fugal input. Here the extended duration of the augmentation beyond the period of intense stimulation could be due to activation of a separate subset of excitatory amino acid receptors (metabotropic) known to be present on LGN cells, and activated by cortico-fugal input (McCormick & von Krosigk, 1992) .Indeed, O'Connor and colleagues (O'Connor et al., 1994) have shown in the rat hippocampus that one form of LTP of N-methyl-D-aspartate (NMDA) responses required activation of metabotropic glutamate receptors. Thus, our data provide the interesting proposition that the descending cortico-fugal influence uses a metabotropic receptor activation to "kick start" a short duration NMDAmediated potentiation -the metabotropic activation requiring a high level of activity in the corticofugal line. However, an arbitrary choice between the disinhibition and excitation models we have proposed may in fact be a misleading one, as in reality elements of both mechanisms could combine to produce the observed effects. These are, however, simplistic ideas, given the complexity now known to exist at the level of the LGN and in its relationship with the cortex. Accumulating recent evidence suggests that retinal input may also access metabotropic receptors within the LGN, activation of which has a time course commensurate with the effects we have observed (McCormick & von Krosigk, 1992) .However, these receptors are of the mGluR5 subtype, while those associated with cortico-geniculate feedback are of the mGluR1 subtype. These retinally associated receptors appear to involve synaptic triads and facilitate feedforward inhibition (Godwin et al., 1996a; Cox et al., 1998) , and are therefore unlikely to be involved in the effects we have observed. Another hypothesis regarding the role of corticofugal feedback onto LGN metabotropic receptors suggests that such feedback shifts the response `mode' of LGN cells from burst to tonic firing, thereby enhancing the information throughput of the retino-geniculo-cortical circuit (Godwin et al., 1996b) . However, we did not consistently observe such bursting characteristics, either before or after stimulation, and the high efficacy of information transfer in burst versus tonic mode is consistent with the view that burst and tonic modes may both occur in states of light anaesthesia such as we describe here (Guido et al., 1995; Sherman, 1996; Reinagel et al., 1999) . It remains possible that this reflects differences in anaesthetic protocols.
A globally arousing stimulus may well accentuate the visual responsiveness of the LGN and account for the data we have presented. While we would accept such a hypothesis based only on the evidence of our electrical stimulation of the optic nerve, or perhaps even on full-field high-contrast visual stimulation, it is more difficult to believe when high-contrast stimulation was restricted in size. Paradoxically, however, it is indeed a form of arousal we believe to be the mechanism at work. On one level, the effects we have observed here are very similar to those found using electrical stimulation of the parabrachium (Uhlrich et al., 1995) , with increases both in background and visually evoked activities. In that case, however, enhanced responses were seen essentially only during stimulation, there was no further increase after stimulation such as we have observed here. This difference and the lack of enhancement following decortication suggest that this is not the mechanism involved in our observations. Indeed, it is interesting to note that, on first glance, not all of our LGN cells appeared to be affected, and we could find no defining characteristic which would predict whether or not a cell would show augmentation. However, these experiments necessarily involved work on an anaesthetized animal, and it remains possible, even likely, that the effects we observed could be far greater in a conscious awake, behaving preparation. Also, we opted for a robust statistic by which a clear response change could be measured -but, as illustrated in Fig.4 , shorter stimulus periods gave rise to smaller effects, and as Fig.11b shows, repeated stimulation could be additive. We have opted for a simple stimulus paradigm, widely used, with standard statistical tests available to analyse the results. However, we do not suggest that the effect we have observed is the process used by the cat brain in vivo to analyse the visual world -the real effect may operate at very much shorter time scales, perhaps dealing only in the likelihood of a given set of spikes to be followed by another spike or spikes as the visual scene changes or even as the visual response to the scene develops. There are important recent data which show a decisive role for corticothalamic projections in organizing long-range synchrony and the spatiotemporal patterns of activity generated in the thalamus (Sillito et al., 1994; Contreras et al., 1996) , indeed, this may well account for the fact that the effectiveness of electrical stimulation of the optic chiasm was greatly enhanced when paired with an incoming visual (physiological) input, which is much more likely to engage the corticofugal loop (Cudeiro & Sillito, 1996) .There is now also strong evidence for augmentation in the visual system operating at this low level (Ferster & Lindstrom, 1985; Steriade et al., 1998) , whereby electrical stimulation can result in increased likelihood of firing after the stimulation has ceased. These latest studies, however, rarely involve in vivo visual responses, and it is important to place these in the context of our own, by which we may see in fact a spectrum of response control in time ranging from additional single spikes to large numbers dependent upon the context of the visual stimulus, but, crucially, both spatial and temporal in nature.
